In the preceding paper (Moore et al., 1965) , several physical and biological properties of a hemolytic agent in rats (Sacks' agent; Sacks, Clark, and Egdahl, 1960; Sacks and Egdahl, 1960a, b) have been described. From these data, it was concluded that, contrary to the original claim of Sacks et al., this agent is indistinguishable from Haemobartonella muris. The present paper complements the preceding by presenting a detailed study of the ultrastructure of this agent in comparison with H. muris, Eperythrozoon coccoides, and the pleuropneumonia-like organism (PPLO), MIycoplasma pulmonis. Reviews on the former two organisms have been published by Weinman (1944) and by Peters and Wigand (1955) .
MATERIALS AND METHODS
Unless otherwise specified, adult SpragueDawley rats were used as the experimental animals. To facilitate the development of infection, some of them were splenectomized prior to or after inoculation. Tissues were fixed in either 1% OS04 or 1% glutaraldehyde (Sabatini, Bensch, and Barnett, 1963) in 0.067 M phosphate buffer (pH 7.3) for 1 to 2 hr. In the latter case, the material was then counterfixed with OS04 for 1 hr after several rinses witb phosphate buffer. All tissues were embedded in Epon (Luft, 1961) , cut on a Porter-Blum ultramicrotome with a diamond knife, mounted on 300-or 400-mesh, uncoated grids, stained with uranyl acetate (Watson, 1958) and lead citrate (Reynolds, 1963) , and examined in a RCA 3F or Siemens Elmiskop I electron microscope.
Sacks' agent. Amounts of 0.1 to 0.4 ml of infected rat blood, freshly drawn or stored at -70 C, were inoculated intraperitoneally into intact or splenectomized rats. At 3 to 14 days after inoculation, as each animal manifested symptoms of hemoglobinuria and the typical particles were confirmed on erythrocytes in a Giemsa-stained blood smear, the peripheral blood, bone marrow, lymph node, and ascitic fluid were taken and prepared for electron microscopy. In some cases, the leukocyte fraction of the peripheral blood was also examined.
H. muris. One of the several rats splenectomized in preparation for inoculation with the Sacks' agent spontaneously developed hemoglobinuria, and its blood smear showed lesions on the erythrocytes. Since the clinical and hematological findings were quite the same as those caused by H. muris, the causative agent was designated as H. muris (see the preceding paper, Moore et al., 1965) . A sample of blood was prepared for electron microscopy, and the rest was stored at -70 C for subsequent inoculation.
TANAKA ET AL. vided by John B. Nelson of The Rockefeller University. Amounts of 0.1 to 0.2 ml of blood of infected Swiss mice (which showed typical particles in blood smears) were injected intraperitoneally into each of several mice. After 2 to 5 days, when the blood of the inoculated mice bore the characteristic particles in blood smears, it was prepared for electron microscopy. In these cases, splenetomy prior to or after inoculation also facilitated the development of infection.
M. pulmonis (a PPLO). This organism was also kindly presented to us by Dr. Nelson. It was usually propagated in Heart Infusion Broth containing 10% horse serum, and the 48-hr culture was the subject of our electron microscopic study.
Controls. Blood and bone marrow of two types of controls were examined: (i) normal adult rats and (ii) noninfected, anemic rats which were prepared in the following way. A 10-mg amount of phenylhydrazine, a compound known to cause a hemolytic anemia (Muirhead, Groves, and Bryan, 1954; Rifkind, Danon, and Marks, 1964) , was injected subcutaneously once a day for 3 successive days; 48 hr after the final injection, the tissues were taken and prepared for electron microscopy.
RESULTS

Controls. Although there was nothing unusual
in the blood and bone marrow from the normal rats, erythrocytes from the phenyl hydrazinetreated, anemic rats showed marked changes within the cytoplasm (Fig. 1) . Irregularly shaped accumulations of amorphous, moderately dense materials, identified as Heinz bodies by Rifkind et al. (1964) , were common. Aggregations of small granules of high density corresponding to "ferruginous micelles" described by Bessis and Breton-Gorius (1959) in many cases of human anemias were frequently observed within the mitochondria of reticulocytes. Ferritin molecules, free and in aggregates, were seen in macrophages and reticulocytes, and serial stages of erythrophagocytosis were also found in macrophages in bone marrow. With the noteworthy exception of Heinz bodies, all of these granulations were also confirmed in the rat anemias caused by Sacks' agent and H. muris. Sacks' agent. Signs of heavy hemolytic anemia like those described above were also prominent in both peripheral blood and bone marrow. Characteristic of this infection, however, were the bodies found in close association with erythrocytes ( Fig. 2 to 5 ). Since, as described below, the size and distribution of these bodies were quite similar to those of lesions characteristic of Sacks' agent as seen in the light microscope, they were considered to be the same agent. In both tissues, these bodies appeared round or slightly ellipsoidal in shape and were 350 to 700 m,u in size (Fig. 12) . Although those in the bone marrow of one rat were larger than those found in the peripheral blood from a second rat, this cannot be taken as a general tendency, but would seem rather to reflect a variation in size due to different stages of infection.
These bodies possessed no cell wall but only a single limiting membrane which showed a unitmembrane structure (Robertson, 1960) , and enclosed a number of diffusely distributed small granules 10 to 15 m,u in size, and often a few filamentous structures of varying widths. Some of the latter were 20 to 30 m,u wide and 100 m,i or more in length (Fig. 4b, e, and Fig. 5 ). Although these filamentous structures were preferentially found in the center region, no distinct nucleoid structure was ever observed.
These bodies occurred in isolation, in pairs, and less frequently in groups, in the small indentations, shallow or deep, of erythrocyte surface. Usually, almost half of the surface area of the agent bodies came in contact with the erythrocyte surface, where the distance between the two limiting membranes was rather constant, 10 to 15 m,u (Fig. 4a) . Both reticulocytes and mature erythrocytes were affected, whereas nucleated erythroblasts seemed undisturbed. In sectioned materials, up to 20 bodies have been found associated with one red cell (Fig. 2) . Not infrequently, a single body or a group of bodies was found within an apparent vacuole in the red cell, although it might represent a cross section of an irregularly shaped, deep indentation. Such a vacuole was sometimes located so close to the red cell surface that the bodies were seemingly surrounded by a double membrane which represented the thinnest part of the erythrocyte cytoplasm (Fig. 2) . Fragmentation of erythrocytes, as described by Essner (1960) , was common. The fragments, 200 m, or larger in size, often appeared to adhere to the agent bodies (Fig. 3 ), but were easily distinguishable because of the homogeneous dense structure of the former. Small protrusions of the erythrocyte surface containing a group of small vesicles were also seen. Some of the erythrocytes showed signs of varied degrees of hemolysis as reflected by unusually lighter density of the cytoplasm (Fig. 2) . And, finally, a cytolysis occurred, whereby the affected red cell transformed into a number of fragments with the agent bodies attached to them (Fig. 3) , implying that the direct attack by the agent on red cells is the major cause of hemolytic anemia.
Besides the principal spherical form, the bodies sometimes appeared ellipsoidal. A careful examination of many sections revealed successive stages of binary fission, including an elongated form, a dumbbell form, and a pair of round forms still connected to each other, all at the erythrocyte surface and within the vacuoles 
Sacks' agent bodies in the peripheral blood of infected rat. About 20 bodies are found at the surface and within the vacuoles of a red cell. Note the relatively constant distance between the bodies and red cell membrane. In some places the cytoplasm of the red cell is so thin that it appears to consist of only two membranes (arrows). A red cell at the upper right corner shows signs of hemolysis. 1738 (Fig. 4) . In a tangential section of the erythrocyte surface, the bodies were arranged linearly like streptobacilli in the shallow canaliculi, which implied again that binary fission was a major mechanism of multiplication of this agent (Fig. 5) .
It is curious, as an examination of the leukocyte fraction showed, that the agent bodies were neither associated with nor taken up by any leukocytes, although these cells are so actively able to phagocytize bacteria, as demonstrated by Goodman and Moore (1956) and Goodman, Moore, and Baker (1956) .
In the medulla of bone marrow, marked erythrophagocytosis in a variety of stages was found in macrophages (Fig. 6) . The agent bodies, however, were only occasionally found in these cells in connection with phagocytized erythrocytes which presumably the agent bodies had preinfected. Aside from the secondary changes caused by a profound anemia, bone marrow cells seemed unaffected. The agent bodies could not be found in the mesenteric lymph node and ascitic fluid although macrophages there showed occasional erythrophagocytosis.
H. muris. In the examination of peripheral blood, we failed to find any significant difference in ultrastructure between H. muris and Sacks' agent. The particulate size of the former was approximately within the range of that of the latter (Fig. 7 to 9, Fig. 12 ). It might be more appropriate to describe here the small inclusions found within the agent, since, although the same structures were also seen in Sacks' agent, they appeared far better preserved in H. muris, especially in one particular case (Fig. 8 and 9 ). Besides tiny granules and filaments already described, we often observed a large dense granule, 50 to 80 m,u in size, generally occupying an eccentric position in the agent (Fig. 8 and  9a, b) . It seemed membrane-bound and vesiclelike when the interior was of low density. Less frequently, there appeared a double circle and lamellar sacs (Fig. 9b, c) . The function and significance of these small inclusions are unclear.
E. coccoides. In the peripheral blood of Swiss mice, these bodies were slightly elliptical, being 350 to 600 m,u in size (Fig. 10 and Fig. 12) . They, too, had no cell wall or nucleoid but showed a single limiting membrane at their surface. They contained a greater number of small granules than did H. muris or Sacks' agent, resulting in an overall denser appearance, although there was a smaller number of filamentous structures. In short, despite some minor differences, this organism has essentially the same structure as the two agent bodies described above. Association of this agent with erythrocytes, however, was much looser; many of them were found free in the blood plasma and the others were in contact with red cells by only a small part of their body surface, with relatively no indentation of the erythrocyte surface. The bodies were found only occasionally within an erythrocyte vacuole.
Signs of anemia and hemolysis were not remarkable and often were lacking. Although elongated forms were sometimes encountered, ring forms or doughnut types, which characterize this agent in the light microscope, have not been observed.
Ml. pulmonis (PPLO). This agent shared some of the fundamental morphology with those organisms already discussed above (Fig. 11) 
DIscussIoN
The present study on the fine structure of Sacks' agent revealed (i) that the agent is found at the surface and within the cytoplasmic vacuoles of erythrocytes, but not in the ground cytoplasm of the cells nor associated with cells of other kinds; (ii) that it is spherical in shape and 350 to 700 m,i in diameter, a size between that of most bacteria and true viruses; (iii) that it possesses no cell wall but a single limiting membrane enclosing in its interior small dense particles and occasional filaments, but never a differentiated nucleoid structure; and, finally, (iv) that it multiplies actively through binary fission, and has no life cycle. Our study also showed that there was no major difference in fine structure and distribution in connection with erythrocytes between Sacks' agent and H. muris. The similar clinical picture presented by these two organisms and the positive cross immunity between them, as described in the previous paper (Moore et al., 1965) , strongly supports our conclusion that the two are in reality identical. Therefore, in the following discussion, the two are treated simply as H. muris, according to the traditional terminology.
The size and distribution of H. muris as shown in this paper are quite the same as those repeatedly reported by light microscopists and those from the shadow-casting method of Peters and Wigand (1955) . In particular, the size measured in the electron micrographs is very consistent with that assumed by the filtration test in the previous paper.
The question of motility in this agent has long been controversial, as the review by Reese and Fowler (1948) readily indicates. Most authors seem to regard H. muris as immotile, and one of us (H.T.) also failed to confirm its active movement by dark-field, phase-contrast, and fluorescence microscopy. The diffusion experiments reported in the preceding paper indicate a definite lack of motility of the biological activity. Although others have reported motility (Reese and Fowler, 1948) , we find it very difficult to distinguish between the agent particles and such moving particles as chylomicra and hemoconia in fresh preparations. Any specific structure suggestive of motility, such as a flagellum, avoided detection either in thin sections (in this paper) or by the shadow-casting method used by Peters and Wigand (1955) . Therefore, we are of the opinion that H. muris is immotile.
Special attention should be given to the close association of H. mnuris with the erythrocyte. Such an association endured even after an osmotic shock which was sufficient to hemolyze the red blood cells, but which left the agent unaffected. Although the inoculation was usually done intraperitoneally, no agent bodies were found in the peritoneal macrophages, nor in leukocytes in the peripheral blood. Only occasionally were they found in the phagocytic vacuoles of macrophages in bone marrow in connection with erythrophagocytosis. Therefore, this is one of the typical examples of microorganism-host cell specificity. Questions have arisen regarding the nature of such a specificity and the mechanism required for the agent to penetrate the erythrocyte membrane, since the erythrocyte is generally considered to be incapable of pinocytizing substances, with the exception of ferritin (rhoph6ocytosis; Policard and Bessis, 1958) . The fact that a relatively large surface area of H. muris came into contact with the erythrocyte surface and that the distance between the respective limiting membranes was rather constant, 100 to 150 A, implies that a mechanism similar to the intercellular connection existing in many solid tissues might be involved; a mechanism not unlike the specific adsorption found between myxovirus and host cell is also likely. However, preliminary experiments by one of us (H.T.) showed that enzymes and reagents such as trypsin, receptor-destroying enzyme (Burnet and Stone, 1947) , ethylenediaminetetraacetate, sodium periodate (Hirst, 1948) , ion-free medium (Burnet and Edney, 1952) , and combinations thereof, which were previously reported as effective in isolating tissue cells or in eluting virus, all failed to release H. muris from erythrocytes. Aside from protozoa, a similar close association with erythrocytes is found in Anaplasma marginale, a blood parasite in cattle (Ristic, 1960; Ristic and Watrach, 1961, 1963; Scott, Geer, and Foote, 1961 A single limiting membrane characteristic of H. muris was also found in E. coccoides. The two microorganisms are almost the same in fine structure. although E. coccoides is far more loosely connected with the erythrocyte. Since the two are said to possess both ribonucleic acid and deoxyribonucleic acid (RNA and DNA; Peters and Wigand, 1955) , the small particles revealed by the electron microscope may represent ribosomes because of their size, density, and distribution, whereas the filaments may contain DNA.
It is interesting that such a simple morphology-a single limiting membrane enclosing both nucleic acids without a differentiated nucleoid structure-is found rather widely among certain groups of microorganisms which are usually taxonomically placed somewhere between most bacteria and true viruses. Domermuth et al. (1964) , investigating the ultrastructure of 19 strains of cultured 3lyco-plasma (or PPLO), reported the complete absence of a cell wall. The organisms are bounded by a single limiting membrane similar to a unit membrane, enclosing a cytoplasm consisting of ribosomes and filaments but devoid of any nucleoid structure. Mature organisms were 548 by 729 m,u in average size, and elementary bodies were 132 by 153 m,u. van Iterson and Ruys (1960) distinguished two types of mycoplasmas: vesicles or large forms with a single limiting membrane, which were 0.4 to 0.6 ,u in size and multiplied by random cleavage; and cocci or small forms with a cell wall, which were 0.27 ,u in size and reproduced by binary fission. They are of the opinion that mycoplasmas are L forms of minute cocci. Edwards and Fogh (1960) showed that, when tissue culture cells are infected with PPLO, the organisms are found extracellularly or at the cell surface, and sometimes within the cytoplasmic vacuoles, but never in the ground cytoplasm. A more comprehensive report on the complexity of morphology and reproduction of PPLO was given recently by Anderson and Barile (1965) ; in the young culture, some process of fragmentation, fission, or budding is the mode of reproduction, whereas in the older culture the dense small bodies ("minimal reproductive units") represent a method of protecting the viability of the culture. Thus, cultural conditions influence or even determine the mode of growth and reproduction, as well as the morphology of PPLO. In general, besides the aforementioned fine structure, a remarkable pleomorphism and multiplication other than binary fission are characteristic of these organisms, observations which were also confirmed by us (see the following paper by Nelson and Lyons).
The ultrastructure of the L form of Bacillus subtilis, as reported by Ryter and Landman (1964) , is similar to that of Mycoplasma, although the nuclear region seems more distinct in the former. When the bacillary forms of this organism were placed in media containing lysozyme, they lost their cell wall, and mesosomes transformed into L forms within 90 min and exhibited pleomorphism. Binary fission, which was so routinely found in the bacillary form, was not observed in L forms. In both mycoplasmas and L forms of bacteria, loss of the cell wall seems to be closely related to pleomorphism and disappearance of binary fission. But this is not the case in H. muris.
Comparable to H. muris in this sense is Rickettsia sennetsu (Misao and Kobayashi, 1955) , a causative agent of infectious mononucleosis in West Japan. This organism is spherical in shape, 500 to 1,200 m,u in size, and possesses a single limiting membrane without a cell wall. No nucleoid structure is formed. The agent is pathogenic also to mice, causing systemic spleen and lymph node swelling and death, and multiplies through binary fission within the cytoplasmic vacuoles of macrophages and plasma cells (Tanaka, Hanaoka, and Amano, 1960; Tanaka and Hanaoka, 1961) . Thus, the loss of a cell wall is not necessarily associated with a specific type of division in the microorganism. Peters and Wigand (1955) , discussing the taxonomic positions of H. muris and E. coccoides, proposed to put these two microorganisms outside of the known bacteria. They were also opposed to relating them to protozoa, PPLO, rickettsia, A. marginale, Grahamella, and virus. They seemed to put special emphasis on the failure of these two organisms to propagate in cellfree media. A successful cultivation of H. muris was more recently reported by Ford and Murray (1959) which, however, we failed to confirm.
Mostly from a morphological point of view, we are of the following opinion: all of the kinds of microorganisms mentioned in this discussion are quite different from virus because of their established extracellular life. They are sometimes found in the vacuole of host cells, but never in the ground cytoplasm nor in the nucleus. Binary fission observed in some species is another reason to exclude the possibility of their being virus. Mycoplasmas and L forms of bacteria should be 1747 VOL. 90, 1965 on October 27, 2017 by guest http://jb.asm.org/ Downloaded from TANAKA ET AL. separated from the others because of their pleomorphism and different methods of multiplication. A. marginale, in spite of its clinical and ultrastructural resemblance to H. muris, should also be separated, though perhaps not so remotely, because of its double surface membrane. The remaining three, that is, H. muris, E. coccoides, and R. sennetsu, are very similar in fine structure, and possibly mutiply through binary fission. The first two are erythrocyte-parasites and are transmitted from animal to animal by lice, as reviewed by Weinman (1944) and Peters and Wigand (1955) ; the last one is lymphotrophic and originates from a fish, the gray mullet (Fukuda, 1961) . It might be reasonable, therefore, to separate the first two from the last, and yet retain a proximity to this heretic of the rickettsial group. H. muris is able to induce formation of antibody capable of reacting with Proteus OX19 and OX-K to some extent (Ford and Murray, 1959 ), a prop)erty which suggests its relationship to rickettsia. However, it still remains obscure whether the proper members of rickettsia have the cell wall, although R. quintana (Ito and Vinson, 1965) and Coxiella sive rickettsia burnetii (Anacker et al., 1964) were reported to have it or an equivalent structure. Ristic and Watrach (1961, 1963 ) also pointed out many similarities between A. marginale and rickettsiae.
